Green synthesis Iron oxide nanoparticles Photocatalysis Dye degradation a b s t r a c t Iron oxide nanoparticles (Fe 2 O 3 NPs) were fabricated through green route using pomegranate (Punica granatum) seeds extract. The Fe 2 O 3 NPs were characterized by UV-vis, XRD, EDX, SEM and AFM techniques. The adopted green rout furnished semi spherical Fe 2 O 3 NPs, uniformly distributed and particle size in the range of 25-55 nm. The LCMS/MS was performed for the identification of biomolecule present in the extract of pomegranate seeds and p-hydroxy benzoic acid, gallic acid, methyl gallate, catechin, kaempferol-3-O-sophoroside, 3-deoxyflavonoids, magnolol, ferulic acid, vanillic acid and pinocembrin along with other minor constituents were detected in the extracts using for Fe 2 O 3 NPs. The synthesized Fe 2 O 3 NPs showed excellent photocatalytic activity against reactive blue under UV light irradiation and maximum degradation of 95.08% was achieved with 56 min of reaction time. In view of promising activity, the Fe 2 O 3 NPs could be used photocatalyst for the degradation of dyes in wastewater and pomegranate seeds extract can be applied as eco-benign and cost effective approach for Fe 2 O 3 NPs synthesis. BY-NC-ND license (http:// creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Nano materials (1-100 nm) offers distinctive structural and physico-chemical properties as compared to bulk counterpart owing to the surface to volume ratio [1] . The most recent advancement in nanotechnology has led to the expansion in the synthesis of NPs by different chemical and physical methods. However, these methods have negative impact on the environment and living organisms since un-reacted chemicals are discharged in the environment. Therefore, there is need to fabricate the NPs using environmental benign techniques and NPs synthesized biogenically can be equally employed in electronics, biomedical field, material science and environmental remediation etc. [2] [3] [4] [5] [6] . In view of toxicity of nanoparticles, there is need to fabricate the NPs using bio-inspired agents.
To date, the biosynthesis of NPs is regarded as environmental friendly approach since no toxic agent is involved in bio-inspired approaches [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Plants are nature's "chemical factories" and vast repertoires of secondary metabolites [15] [16] [17] [18] that can be utilized as redox mediator and stabilizer for the NPs. It is reported that the NPs synthesized using plant products/extracts are more stable and the rate of synthesis is easy as compared to conventional techniques since green approaches are eco-benign, cost effective, simple, easy to perform and no toxic agent is involved [19] [20] [21] [22] [23] . To date, metal and metal oxide NPs have been prepared successfully using green route and as-prepared NPs have been applied in different field (Table 1 ). In view of aforementioned facts, present study was focused on biogenic synthesis of for biogenic synthesis of Fe 2 O 3 NPs using pomegranate seeds extract (PSE). The biomolecule in extracts was also identified using advanced techniques. The Fe 2 O 3 NPs were prepared under mild conditions, characterized using UV-vis, XRD, SEM and AFM techniques and Fe 2 O 3 NPs efficiency was studied by degrading the textile dye (reactive blue 4 dye, Fig. 1 ). 
Material and methods

Chemical, reagents and sample collection
The PSE fruits were collected Bahawalpur, Pakistan (local market). The seeds were separated from fruits and used for extract preparation. Iron chloride (99.99%) was obtained from chemical supplier (Sigma-Aldrich). Ultrapure water (18.2 M cm) was used for extraction and solution preparation purposes.
Preparation of seed extracts of Punica granatum
The PSE were washed with ultrapure water and then, 20 g seeds were ground in electrical grinder and mixed with 250 mL of water and shaken for 2 h. The extract was filtered and filtrate was stored at 4 • C and used for the preparation of Fe 2 O 3 NPs.
Iron oxide NPs synthesis procedure
Both the PSE and iron chloride solution (1 M) were mixed in 1:2 ratio and the mixture was heated at 70 • C for 15 min along with continuous stirring on magnetic stirrer till the pale yellow color changed to brownish black [41] . Then, it was centrifuged at 15,000 rpm for 10 min and precipitates were collected, which was washed with water and ethanol (3-4 times) and powder thus obtained was dried for 3 h in furnace at 60 • C and used for further analysis and PCA evaluation.
Characterization
The UV-vis absorbance spectroscopy was performed using double beam spectrophotometer (CE Cecil 7200, UK). X-ray diffraction (XRD) analysis were recorded from 20 • to 65 • with a diffractometer (Bruker, German) using Cu K˛ radiation with an accelerating voltage of 40 KV at scanning rate of 1 • /min. The element analysis of Fe 2 O 3 NPs was carried out using EDX analysis. The SEM was performed with a Hitachi SX-650 (Tokyo, Japan) at 20 KV of accelerating voltage. Moreover, the confirmation of the particle size and morphology was also carried out by atomic force microscopy (AFM). granatum seed extract.
Photocatalytic activity
The PCA of fabricated NPs was evaluated by degrading reactive blue 4 dye. In a typical procedure, 15 mg of Fe 2 O 3 NPs was added in 100 mL of 20 mg/L of reactive blue 4 dye ( Fig. 1 ) and the suspension was placed in dark with slow stirring for 30 min to achieve the adsorption-desorption on the surface of cata- lysts. Then, mixture was irradiated to UV light (400 W high pressure mercury lamps). After specific time interval, sample was withdrawn (2 mL), absorbance was measured at 595 nm and percent degradation was measured as shown in Eq. (1).
Where, C 0 and C f are the absorbance values before and after UV irradiation.
HPLC analysis for degradation monitoring
RP-HPLC analysis was carried out to investigate the transformation of reactive blue 4 dye into by-products. For this purpose, control and treated samples were vortexed for 2 min and 15 uL of the sample was injected into ZORBAX SB Ccolumn after filtration through 0.5 um syringe filter and eluted using 40% hexane at 0.5 mL/min (flow rate. The response was recorded at 550 and 600 nm and 200-900 nm was scanned in a diode array detector, whereas LCMS/MS was performed precisely as reported elsewhere [42] .
Results and discussion
Characterization
The Fe 2 O 3 NPs was prepared via green route using P. granatum seeds (Fig. 2) extracts at room temperature. The absorption spectrum of Fe 2 O 3 NPs is shown in Fig. 3 and the peak observed at 371.71 nm belong to Fe 2 O 3 NPs, and is in line with already reported [43] . The morphology of Fe 2 O 3 NPs was monitored by SEM analysis and the particle size was found in the range of 25-55 nm, the paricles were of variable shapes and in agglomerated form (Fig. 4) . The agglomeration of agglomerated might be due to presence of biological compounds on the surface of particles. Due to H-bonding present in bioactive molecules, the particles appeared to be in the form of aggregates [12] [13] [14] .
The EDX spectrum showed the presence of iron and oxygen (Fig. 5 ). The EDX analysis revealed the presence of 58.5% of iron and 17% oxygen along small amount of carbon, which was due to phenolic compounds in the extract of P. granatum. X-ray diffraction (XRD) is an important tool to study the crystal formation and to estimate the crystalline size of the fabricated NPs. tively (Fig. 6 ). The formation of Fe 2 O 3 NPs index with JCPDS card no: 82-1533 [44] . Analysis also revealed that the fabricated NPs were crystalline [45] . The average grain size was 48 nm, which was calculated using relation shown in Eq. (2) . Where, is the wavelength of the X-rays (0.1541 Å), 0.90 is a constant value known as shape factor, ß is the FWHM and is the angle.
Moreover, AFM analysis was also performed to evaluate the nature of Fe 2 O 3 NPs and response is shown in Fig. 7 . The morphology of particles can be accessed from the grooves present in the dimensional views of NPs. From the three dimensional view, it is clearly observed that the size of the particle was variables and maximum distribution was in the range of 28.4-66.2 nm. This behavior of NPs was due to presence (coating) of different bioactive molecules [46] [47] [48] [49] [50] [51] , since bioactive molecules have different functional groups, which interact with each other by intermolecular forces, particle may hold together and particle size may vary. The existence of NPs in aggregates is an indication of strong intermolecular forces, especially H-bonding between hydroxyl groups and other moieties in the structure of phenolic compounds [4] [5] [6] [12] [13] [14] 50, [52] [53] [54] ].
Identification of bioactive constituents
The LC/MS/MS is ideal for the identification of bioactive constituents in seed extracts [55, 56] . LC-ESI-MS/MS analysis is widely used for identification of bioactive molecules in plant extracts [57] . The molecules containing free carboxyl groups, yields [M−H] − ion that corresponds to the carboxylate anion [58] . So far, LC-ESI-MS/MS analysis was used for the identification of phenolic compounds in extracts [59] . The constituents identified in the pomegranate (P. granatum) seeds extract are shown in Table 2 , chromatograms are shown in Figs. 8 and 9 and the structures of representative compounds are shown in Fig. 10 . The identified components were alkaloids, flavonoids and polyphenols in the seeds extract of P. granatum. The antioxidant activity of NPs was reported to be due the phenolic compounds that are used as capping and stabilizing agents. Phenolic compounds present in the extract contain hydroxyl and carboxylic groups which have very high tendency to bind heavy metals [53, 60] . Metal ions in the salt solution interact with phenolic compound and due to p track conjugation (ester oxygen atom and ortho-phenolic hydroxyl group) and this esterification results in the loss of hydrogen from orthophenolic hydroxyl group [14] and a structure (semi-quinone) is produced due to H loss. H + radical is formed due to the electron loosening form bioactive molecule (i.e., ellagic acid). Metal ions are to reduce to nano size during this process [12] . Also, bioactive molecule have excellent antioxidant property, which also furnished NPs by scavenging reactions along with the formation of H + specie and resultantly, the ions in to solution are converted into stable atom [43] .
Photocatalytic activity
The PCA of Fe 2 O 3 NPs was evaluated by degrading the reactive blue 4 dye under UV light irradiation since photocatalysts are efficient for the degradation of recalcitrant and toxic agents [61] [62] [63] [64] [65] [66] [67] . Moreover, the photocatalytic treatment convert the pollutants completely in to harmless end products like carbon dioxide and water [68] . The dye degradation response of Fe 2 O 3 NPs is shown in Fig. 11 . It can be observed that the dye was degraded efficiently due to excellent activity of Fe 2 O 3 NPs. The dye absorption peak was decreased rapidly as a function of UV irradiation time, which was due to breakdown of the chromophoric group in the dye and dye was degraded up to 95.08% in 56 min of reaction time. The dye degradation mechanism UV light irradiation in the presence of Fe 2 O 3 NPs is elaborated in Fig. 12 . When Fe 2 O 3 NPs was irradiated, an electron (e − ) and hole (h + ) pair is produced and electron is excited from valence band to the conduction band, leaving the h + in the VB. This hole (h + ) is actually responsible for the conversion of water into hydroxyl radical, which is responsible for oxidative degradation of dye. On the other hand, free electron combine with molecular oxygen and converted into superoxide radical. The superoxide radical is also converted in to hydroxyl radical. The hydroxyl radical is a strong oxidizing agent and degrades the organic species non-selectively in to harmless end products [69] . Reversed-phase chromatog- raphy (RP-HPLC) separates molecules on the basis of variation in their hydrophobicity. In order to investigate the degradation end products, the RP-HPLC analysis was performed before and after irradiation of dye and response thus obtained is shown in Fig. 13 . The untreated dye shows a single peak at retention time of 1.86 min. A dye solution treated for 3 min showed peak of less intensity and after 56 min of irradiation, the peak at 1.86 min disappeared and peaks were appeared at 1.06, 2.02, 2.46, 3.61, 4.29, 5.37, 6.92, 7.36 and 8.44 min, which indicates that reactive blue 4 dye was complete degraded in to low molecular weight components and these findings are in line with previous studies [68, 70] that after degradation the organic species are converted in to harmless end products [71] [72] [73] [74] .
Also, under the current scenario of environmental pollution [63, 64, [75] [76] [77] [78] , there is a need to adopt efficient approaches for the remediation of toxic pollutants and photocatalyic treatment using Fe 2 O 3 NPs is proved to be highly efficient, which could possibly be used for the treatment of textile wastewater contains dyes. 
Conclusions
The Fe 2 O 3 NPs were successfully fabricated via green route using pomegranate (P. granatum) seeds extract, which were confirmed by UV-vis, XRD, EDX SEM and AFM techniques. The adopted green route furnished Fe 2 O 3 NPs in nano-range size, semi-spherical shape and in agglomerated form. The P. granatum seeds extract analysis revaled a variety of bioactive componets that act as a capping and stabilizing agents. The main constituents were p-hydroxy benzoic acid, gallic acid, methyl gallate, catechin, kaempferol-3-O-sophoroside, 3-deoxyflavonoids, magnolol, ferulic acid, vanillic acid and pinocembrin. The Fe 2 O 3 NPs showed promising photocatalytic activity for reactive blue 4 dye degradation under UV light irradiation and up to 95.08% dye degradation was achived with 56 min of UV irradiation. Results revealed that P. granatum seeds extract is potential biomolecules that can be employed for Fe 2 O 3 NPs synthesis since it is one of green, cost effective and eco-benign methods and Fe 2 O 3 NPs could be used for dye degradation in wastewater. Future studies can be focused on the bioactivity profiling (antioxidant and antimicrobial activities) of Fe 2 O 3 NPs prepared via green route.
